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ABSTRACT
The noticeable emergence of new technological advances, such as Artificial Intelligence (AI) and
Internet of Things (IoT), and their continuous developments in today’s market, have paved the
way for an apparent transformation from conventional products to smart connected products.
Smart products are Cyber-Physical Systems (CPS) that provide services to users through Internet
and Communication capabilities. The use of smart products offers exceptional potential for the
users to meet their expectations and needs intelligently and effectively. Hence, designers and
manufacturers are encouraged to cope with constantly changing consumers’ requirements and help
in satisfying their needs. It is necessary to achieve a high level of awareness when interacting with
smart products, where in some cases, ambiguity and uncertainty may lead to an undesired outcome.
Thus, the objective of this research thesis is to introduce a novel smart product design methodology
that reveals a new design dimension that was found by conducting an extensive literature review.
Smart product design methodology uses integration between existing Design Theory and
Methodologies (DTM), both Systematic Design Approach (SDA) and Axiomatic Design Theory
(ADT) which are integrated through the features and functions of smart products. The proposed
design methodology concentrates on reducing the complexity of the product and raising its
affordances for the users to perceive. This research includes a case study on smart speakers and
voice-initiated virtual assistants specifically on Amazon’s Alexa, where the methodology
proposed was applied. As a result, the complexity was reduced by achieving an uncoupled design,
and affordances’ measures were discussed using the guidelines and recommendations concerning
both visual and voice design perspectives for designers and developers of virtual assistants in order
to maximize the affordances for the user to perceive with the least amount of ambiguity and
doubtfulness.
iv
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CHAPTER 1: INTRODUCTION
1.1 Research Motivation
Current industrial developments have already started to drastically change from traditional
products to smart, intelligent and connected products. The use of smart products is rapidly
increasing in the environment where people are interacting with smart objects on a daily basis for
many purposes due to its ability to collect, process and take actions for them. Also, smart products
are considered a key aspect of the new industrial revolution (Industry 4.0), as the new industrial
paradigm focuses on transforming conventional factories into smart factories (Shu et al. 2017).
Smart products are equipped with multiple technologies and features that enable its functions to
communicate and offer various services to users, Figure 1.1 below presents the main smart
products’ enablers; thus, smart products’ key enablers are (but not limited to):

Smart
Product

Cyber Physical
Mechatronic
components

Sensors

Artificial
Intelligence
(AI)

IoT

Actuators

Communication
Capabilities

Data Processing
& Autonomous
Decision Making

Data analytics

Figure 1.1 Smart Product’s enablers
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Cyber-Physical Systems (CPS)



Internet of Things (IoT)



Artificial Intelligence (AI)

the continuous advancement in technologies such as CPS, IoT, and Artificial Intelligence have
paved the way for the evolution from traditional products to smarter and more intelligent products.
Although adding technologies and features into a product to make it more intelligent or to perform
multiple tasks would make it more versatile, but it also comes at a cost. The more components a
product has, the more complex it is and the more difficult are to deal with, the ideal case is to have
a product that performs its desired functions and try to minimize the complexity to avoid any
possible chaotic situation. Also, the interactions between the user and smart products play a major
role in the product experience, and the product design can significantly influence the behavior of
how the user-product interactions take place. Consequently, with the level of intelligence and
engineering knowledge in recent years, further developments in the design of smart products will
offer great potential for consumers and better accommodate their requirements and expectations.

1.2 Statement of Engineering Problem
The use of advanced technologies in Smart Products such as Cyber-Physical Systems (CPS),
Internet of Things (IoT), and Artificial Intelligence (AI), and the lack of design methodologies for
smart products, raise the causes of complexity and lack of affordances between the user and the
product.
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1.3 Research Thesis Hypothesis
The research thesis statement of this research is formulated as the following:
To develop a design methodology for Smart Products that would introduce a new design
dimension through the features and functions of Smart Products. Using existing engineering
Design Theory and methodologies (DTM) and with the concentration to minimize complexity and
maximize affordances.

1.4 Objectives
In this paper, a definition of Smart Products and CPS will be presented. Also, a design based on
DTM, features, and functions of smart products will also be presented.
Based on the previous discussion, research objectives can be defined as follows:
Objective 1: Definition and Literature Review of Smart Product.
Objective 2: Introduce a new design dimension in smart product design by combining existing
DTM, the Systematic Design Approach, and Axiomatic Design Theory.
Objective 3: Apply the proposed design methodology in a case study.

3

1.5 Scope of Research

Complexity

Affordance

Smart Product
Design
Methodology

Features
and
Functions

DTM

Figure 1.2 Scope of Smart Product Design Methodology

The research scope and the boundary of the thesis lie in the following subjects:
I.
II.
III.

Smart Products, their features and functions.
Cyber-Physical Systems, Artificial Intelligence, Internet of Things
Product Design and design methodologies (e.g. Systematic Engineering Design, Axiomatic
Design)

IV.

Product Complexity and Affordance in design

1.6 Thesis Structure
This thesis contains five chapters, including this introductory chapter. In chapter 2, a summarized
literature review is presented, it approaches several topics that are relevant to this work.
Particularly, it presents a literature review on Cyber-Physical Systems (CPS) and the design of
4

CPS, Smart Products, approaches of Design Theory and Methodology (DTM), Complexity and
affordance. Chapter 3 shows the research methodology and the approach of smart product design,
and it presents the tools applied in design like W-Model and an IDEF0 model, and an illustrative
example is presented to emphasize on the uses of the proposed design. Chapter 4 include a case
study of smart product (Smart speaker) and the application of the proposed methodology that is
presented in this thesis, all the proposed tools presented in chapter 3, are implemented in the case
study to validate its applicability. Finally, chapter 5 provides a conclusion and a discussion of the
presented research, and recommendations for future work.
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CHAPTER 2: LITERATURE REVIEW
2.1 Overview
In the literature review chapter, current knowledge of multiple subjects of interest are presented
which were based on a comprehensive literature survey on smart product, product design, design
methodologies, and mechatronics. First, it addresses a review on the topic of cyber-physical
systems (CPS). The second section is a literature review of smart products. Then, a review on
design theory and methodology is presented, specifically about the systematic design approach
and axiomatic design. After that, a review of complexity and affordance is presented. Finally, the
last two sections are the research gap and conclusion, which will present the scope of this research.

2.2 Cyber-Physical Systems (CPS)
According to (Lee 2008) “ CPS are integrations of computation and physical processes, where
embedded computers and networks monitor and control the physical processes, usually with
feedback loops where physical processes affect computations and vice versa”. Thus, the CyberPhysical Systems term refers to the integration of computation with physical processes whose
behavior is defined by both cyber and physical parts of the systems (C. Zheng et. al 2016).
Mechatronics term has been defined as “the application of complex decision making to the
operation of physical systems” (Auslander 1996). Thus, mechatronics involves physical (usually
mechanical) and electronic elements. When the term mechatronics was first established, the
software aspect was not as important as it is nowadays, recently the software aspect of the products
is implemented within the electronic elements. However, the product design evolved significantly
over the years, and the complexity of products increased, all due to coping with the changing
6

demands of the consumers. Therefore, products started with simple monodisciplinary tasks, to the
combination of mechanical and electrical systems “mechatronics”, then finally to Cyber-Physical
Systems (CPS). Many publications are available on the subject of CPS, however, one of the most
recognized is (Monostori et al. 2016), where they defined CPS as “Systems of collaborating
computational entities which are in intensive connection with the surrounding physical world and
its on-going processes, providing and using, at the same time, data-accessing and data-processing
services available on the internet.” The authors outlined the significance of CPS and the
implementation and expectation of both CPS and CPPS (Cyber-Physical Production Systems).
Many papers of CPS and mechatronics are concerned with the design and development of these
two systems. To mention, (Casner et al. 2017) have presented a design methodology of
mechatronics to optimize its functionalities and performances. The novel design process used was
focused on the embodiment design phase of the mechatronic system, it was summarized in a VModel consisting of three main phases. In the first phase, the needs, global functions, and technical
functions are defined and identified, then the design and optimization problems are determined.
The second phase objective is to design and optimize subsystem layouts for each monodisciplinary
component from the mechatronic system, this phase includes concept and technical solutions
definitions, optimization and design of subsystems and then evaluation and selection. The third
phase is an integration of the subsystem’s layouts (made in 2 nd phase) into mechatronic solutions,
the authors used a global morphological matrix to evaluate each technical solution and then select
best solution layout. Finally, the outcome of this paper is to optimize the performance of
mechatronic devices, through a methodology that focuses on the embodiment phase of the design,
and they have used a wind turbine device as the case study.
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(Zheng et al. 2016) have presented an overview of existing design methods for CPS that focuses
on the multidisciplinary integration during the conceptual phase of the design. The authors
generated a set of criteria to evaluate existing design methods by identifying challenges during
multidisciplinary integration in the conceptual design, in total, the study consisted of five
challenges and nine criteria. As a result, none of the design methods included in the research have
fully satisfied the multidisciplinary integration assessment, and it was concluded that further
developments are needed.
(Merlo et al. 2019) The paper presented a proposal of a user-centered approach for CPS design,
using a case study of a connected medical pillbox. The methodology approach used in this paper
is a systems engineering and coupled with user-centered design. Also, since CPS is considered a
complex mechatronic system, an integrated design process was used with a three-phase process
using the W-cycle. This resulted in designing and prototyping a connected pillbox CPS product
based on the systems engineering design approach. Both V and W model/cycle are based on the
VDI 2206 guideline for the development of mechatronic systems.
Based on the literature review regarding mechatronics and CPS, we can conclude that CPS and
mechatronics are both considered multidisciplinary systems, which require knowledge in various
fields (e.g. Mechanical, Electrical, Software, etc.). Consequently, when it comes to design, many
challenges may arise, and there are no available ultimate design methodology that would solve all
the challenges.

8

2.3 Smart Products
Smart Products are defined as mechatronic products that are equipped additionally with
embedded systems that allow communication with other Smart Products, using existing internet
technologies (Abramovici and Stark 2013). Figure 2.1 Below better illustrates the concept of
the evolution in smart products using the automotive industry. The foundation of Smart
Products goes back to mechatronic systems, which consist of a simple mechanic and electronic
units, an example of that is the car brake system. Then, intelligent mechatronic products have
been introduced and improved the simple brake system to add an Electronic Stability Control
(ESC). Then, Cyber-Physical Systems (CPS) which consists of embedded systems, actuators
and sensors and have the ability to communicate with other systems, it enhanced the driving
experience by adding features like distance control assistant, which allows the driver to maintain
a safe gap between other vehicles and add parking assistant.

Figure 2.1 Evolution of Smart Products as CPS integrating Internet-based Services (Tomiyama, Lutters,
et al. 2019)
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Ultimately, adding cyber-physical systems with internet services will create smart products that
we have defined earlier as mechatronic products equipped with embedded systems and allows
communication and uses internet technologies. Autonomous vehicles are a great example of smart
products, which they use multiple cyber-physical systems and internet technology to read, process,
analyze and take actions autonomously. Thus, to differentiate between smart products, CPS and
mechatronics, smart products have an integration between its embedded systems which leads to
handling more complex operations. However, the communication in mechatronic products, for
example, is restricted between the components within one product, in contrary, smart products
have the ability to communicate and exchange information with other smart products, sending and
receiving internal states and messages, as well as requesting the need for initiating a particular
action (Anderl, Picard, and Albrecht 2013).

Mechatronic

Internert &
Communication
capabilities

CPS

Smart
Product

Artifitcial
Intelligence

Figure 2.2 Smart Product usage of CPS, Mechatronic, Internet Capabilities and AI
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The key behind the increasing adoption of smart products among consumers and industries are the
capabilities of its characteristics and the multidisciplinarity of its components. Smart products are
increasingly appearing in many different sectors, other than the consumer sector (i.e. smartphones,
smart speakers, etc.), they also appear in industrial fields such as manufacturing, healthcare, energy
for example as smart factories, hospitals or energy grids (Abramovici, Göbel, and Savarino 2017).
(Luetzenberger, Klein, and Thoben 2013) The authors presented a paper about the design of smart
products using Knowledge-Based Engineering (KBE), specifically using the Design Automation
(DA) which is a sub-domain of KBE. The authors believed that the DA approach would play a
significant role in the development of smart products. The design approach included six
dimensions which they considered as requirements for smart products, the six dimensions are
Situatedness, Personalization, Adaptiveness, Pro-activity, Business-awareness, and Network
capability. Also, a sample scenario for multi-domain KBE that supports smart products was
developed with an ontology that represents the different users, interaction scenarios and smart
product requirements, where the ontology is based on both physical and interaction domains.
However, the complexity of the products was not considered in the publication, neither
affordances, however, some approaches considered user-centered design.
Moreover, the authors of (Savarino et al. 2018) believed that a radical adaption is essential to cope
with the fundamental changes of the traditional product towards connected and smart products.
Therefore, their approach aimed at presenting a methodology for the systematization of virtual
product models and physical lifecycle data for the context-specific reconfiguration of smart
products during their use phase. This publication is an extension of an older published paper
(Abramovici, Göbel, and Savarino 2017), which discussed how smart products can be reconfigured
during their use phase, using the virtual twins' concept and data management framework. As a
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result, the authors presented a generic modularization framework, which is based on
reconfiguration option architectures. Then, they introduced a three-layered classification pattern
in order to systemize the reconfiguration architecture. Using a use case of an autonomous parking
lot of search and park reconfiguration option. However, neither publications considered the
complexity of the smart product nor the affordances between the user and the product.
(Rauch, Dallasega, and Matt 2016), presented a set of guidelines for the design from Lean Product
Development (LPD) to Smart Product Development (SPD). Using Axiomatic Design
Methodology and concepts from industry 4.0, the authors developed an approach that aimed to
illustrate that LPD and Industry 4.0 oriented SPD can cooperatively go hand in hand. A similar
publication is by (Nunes, Pereira, and Alves 2017), where the authors have discussed the
importance of SPD and its direct relation to I4.0 and the potential of the emergence and capabilities
that smart products will add in I4.0 framework. Also, the paper included the topic of Augmented
Reality in SPD, and how the design visualization increases the perception of the products and
promotes the communication between all the users, which promotes the advancements of the
companies that adopt such SPD ideas.
Most smart product papers are concerning either the development of smart products or smart
products as a service system or as known as Smart Product Service System (SPSS). However,
several papers contain valuable contributions to smart products and are worth mentioning.
(Tomiyama et al. 2019) The paper reviews status and trend of the emerging development
capabilities for smart products, it introduced the concept of smart products and reviews the
development technologies of smart products, it also outlines the features and characteristics of
smart products which will be used later in the following chapter. The authors also mentioned
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various approaches to the industrial development of Model-Based System Engineering (MBSE)
such as Dassault systems approach, Siemens approach, and digital twins.
The topic of smart product is considered fairly new and it is developing in many different areas,
smart product began to markedly appear in academic papers and journals during the early years of
the last decade. Throughout the literature review conducted on smart products, a wide range of
different disciplines seemed to involve smart product terms, including electrical, design,
mechanical, business, etc. Figure 2.3 shown below, represents a visualization map of smart product
term, where it consists of many connected networks that are based on a bibliographic database file.
Figure 2.3 was done using VOSviewer software with a database file of smart products from the
Scopus publication database. Figure 2.3 shows the relative co-occurrence of papers that included
smart product term at least 11 times in both author and index keywords, grouped in 6 clusters
shown in different colors. The larger the volume of the circle, the more relevant it is to the subject.
As shown, the most relevant areas that included smart product keyword are product design, internet
of thing (IoT), product development, embedded systems, Industry 4.0, cyber-physical systems
(CPS), etc.

13

Figure 2.3 Smart Product Visualization Network

2.4 Design Theory and Methodology (DTM)
In this section, a literature review is conducted about two well-known approaches in the design
field.
2.4.1 Systematic Design Approach (Pahl & Beitz)
Design is defined as a process where new products, processes or organizations are developed or
synthesized to meet the desires of the society(Pahl and Beitz 2013). In general, there are four main
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domains when it comes to design, which is the consumer, functional, physical and process
domains, and the design process is structured around these four domains (Suh 1995).
Pahl & Beitz is a systematic engineering design method that offers a process for planning and
execution which is created for complex designs in systematically executed detail, in order to
identify and/or recognize any potential complications (ElMaraghy 2017). Using a systematic
design approach in the design of smart products would increase the probability of technical product
design success. The systematic design method is divided into four main phases (as shown in Figure
2.4 below) product planning and clarification of the task, conceptual design, embodiment design,
and detailed design (Pahl and Beitz 2013).

Product
Planning

Conceptual
Design

Embodiment
Design

Detail Design

Figure 2.4 Systematic Design Approach phases

In this research, we will not consider the detailed design phase as it deals with technical drawings,
material selection, product prototyping and production possibilities which are all not included in
this thesis.
I.

Product Planning and clarification of the task

It is necessary to clarify the given task in more detail before starting product development. The
purpose of this design phase is to collect information about the requirements that have to be
fulfilled by the product, and also about the existing constraints and their importance (Pahl and
Beitz 2013).

15

The main goal of this design stage is to understand the design problem and to collect customer
requirements, thus resulting in formulating a design specification. Therefore, for this design phase,
the features of smart products will be identified later in chapter 3.
II.

Conceptual Design

In the conceptual design phase, designers start to form a solution principle, by establishing
functional structures and searching for suitable working standards to form a working structure.
However, it is important to develop multiple working structures and choose the most suitable one,
this way the designer will be able to have a more persuasive design. According to Pahl and Beitz,
to achieve a solid representation of the design, it must involve a selection of working principals,
for example considering the technological possibilities or selecting preliminary materials, only
then it is possible to review the objectives and assess the aspects of the solution principle. Also, it
is very possible to have several solution variants. The solution principle can be represented in
many forms, for example building blocks, schematic or flow chart representations might be
plentiful but not necessarily. Thus, the conceptual design phase results in the specification of a
principle solution (concept) (Pahl and Beitz 2013) and it usually appears as a system architecture
or specification of the desired product. Consequently, in the conceptual design phase, each
function of smart product features will be identified and discussed in the next chapter.
III.

Embodiment Design

During the embodiment design phase, starting from the chosen principle solution in the conceptual
design phase, the primary objective is to produce a definitive layout that satisfies the technical and
environmental requirements (Pahl and Beitz 2013). However, in this research, only technical
requirements will be considered. According to Pahl and Beitz, sometimes it is recommended to
generate different preliminary layouts to seek for the most suitable one among them. Complexity
16

may arise in the embodiment design phase due to many reasons, for instance, some steps may have
to be repeated at higher levels of information or knowledge, and various actions require
simultaneous implementation. There are many steps for the embodiment design according to the
systematic design approach, the authors have indicated 15 steps for this design phase, starting from
the principle solutions and the requirement list, and ending in finding a definitive layout to proceed
on to the detailed design phase.

2.4.2 Axiomatic Design Theory (ADT)
The ADT is based on the axioms that have a premise to lead to a good design. Based on (Suh,
1995) observation of good design practices, the ADT identifies Axiom 1 and Axiom 2 as a criterion
to check out the best design. In the axiomatic approach, the design process is made out of four
domains (i.e. consumer, functional, physical and process domain).

Figure 2. 5 Four domains of Design world by (Suh 1998)
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In this thesis, focusses only on the functional domain and physical domain, that is, the concern is
mainly on the FR-DP relations.
(𝐅𝐑𝐬) = [𝐀](𝐃𝐏𝐬)

(2.1)

The matrix above (2.1), represents the relation between the FR-DP. Where FRs is a matrix that
consists of a set of functional requirements, DPs is a matrix that includes a set of design parameters.
According to (Suh 1995), the first axiom in ADT is: “maintain the independence of the functional
requirements”.
The first axiom is also called the independence axiom. There are certain conditions to satisfy the
first axiom. The first condition state that matrix [A] should be either a diagonal or a triangular
matrix. In the case of a diagonal matrix, the design would be considered uncoupled design, where
each of the functional requirements in independently satisfied by one design parameter. However,
in the case of a triangular matrix, the design is called to be decoupled design, where the
independence of the functional requirements can be maintained only if the design parameters are
modified or changed in a certain order (Suh 1995).
The type of design such as coupled, uncoupled or decoupled was defined based on the relationship
between the functional requirements and design parameters. Axiom 1 plays an important role in
determining them. Whenever the independence of the functional requirements of design is
maintained, the design is called uncoupled designs. In uncoupled design, the mapping of the
functional requirements to the design parameters is path independent, which means that any of the
functional requirements can be modified or removed without disturbing or affecting the other
functional requirements (Suh 1995). In the decoupled design the independence of FRs (Axiom 1)
holds well until and unless the design parameters were fixed. In this case, unlike the uncoupled
design, the FRs cannot be changed or modified independently but they must follow a particular
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path. The coupled design is a type of design which does not satisfy Axiom 1. In a coupled design,
the change in a particular design parameter would not only affect its respective functional
requirement but also the other functional requirement, which leads to the dependency of the
functional requirements (Suh 1995).
The second axiom according to (Suh 1995) is defined as “ minimize the information content of the
design” and it is called the information axiom. Axiom 2 states that the design with the least
information content is the best design.

𝐼=

log

(2.2)

According to equation (2.2) shown above, the information content (I) is equal to the probability of
the design parameter (Pi) which satisfies the respective FRi. Therefore, the information content is
the summation of the individual information contents for each of the functional requirements, and
it is based on the assumption that all the functional requirements are independent.

2.5 Affordance
The concept of affordance was created by (Gibson 1977), where the author published a paper
regarding the support of the animals in the environment. After, many authors and publications
concluded that affordance is not a term used to describe the interaction between humans and
animals. However, (Norman 1988), was the first to introduce the term affordance into the product
design field. Where he mentioned, the term affordance refers to the relationship between a physical
object and a person, object meaning any matter whether animal, human, machine or robot.
(Norman 1999) have explained the role of affordances in designing as the term refers to action
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possibilities or opportunities that a user “directly” perceives in environmental conditions during
his interaction. (Shu et al. 2017) In this paper, the authors have discussed two approaches to reduce
resource of consumption during product life, one of which is to change user behavior to guide or
steer users toward the desired behavior through physical product affordances. The authors have
defined affordances as possible ways of interacting with products, which may be independent of
designer intention. As a result, the authors have presented a new design dimensions to view design
for reduce resource of consumption by conceiving users to adopt the desired behavior or have a
technology to perform the intended actions for them instead. In another paper (Shu et al. 2015),
the authors have described three approaches to identify product affordances, which are affordance
for absence, user insights, and natural-language searches. When users interact with a product, they
perceive a set of affordances corresponding to the actions or uses they imagine they can perform
with the product. Affordances are perceived with any object not only product. For instance, a flat
metal sheet on a door would most likely indicate to the user that the door uses a push mechanism
in order to open. Affordance in product design represents the user interaction with the product,
users perceive a set of affordances corresponding to the actions or uses they can perform with the
product.
(Ying et al. 2013), The authors presented a paper on the integration between controlling and
anthropomorphic affordances on the design of smart products. The authors believed that behavioraware design strategy applied in traditional product redesign can help to enhance emotional
communication between humans and products. Thus, through affordances, designers intend certain
interactions between the user and the product. Consequently, we can say that the design for
affordance enhances the interaction between the user and the product, and it reduces/eliminates
misuse of the product’s intended purpose.
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(Wu et al. 2019) The authors proposed a structure modeling method that is based on smart product
design and affordance. The function structure modeling included a detailed six-step procedure;
Identify flows that correspond to customer’s needs, generate a black-box model, drawing function
chain for each input flow, combining function chains into a mesh function structure, then verifying
function structure model comparing with customer requirements. A case study of a walking
assistive robotic suit was used to apply the proposed method.

2.6 Complexity
Today’s products and equipment include thousands of parts and take hundreds of manufacturing
and assembly steps to be produced. Most complex products now incorporate not only mechanical
and electrical components but also software, control modules, and human-machine interface
(HMI) (ElMaraghy et al. 2012). The definition of the word complex remains ambiguous and there
is no general definition of it. However, Oxford Dictionary definition of the word complex is
“something that is made of (usually several) closely connected parts” so if we considered this
definition, it means that the larger the number of interconnected parts, components, and
connections that exist in a product, the more complex it would be.
(Suh 2005a), defined complexity as the measure of uncertainty in satisfying the functional
requirements (FRs) within their design range. Also, he categorized complexity into four types:
time-independent real complexity, time-independent imaginary complexity, time-dependent
combinational complexity, and time-dependent periodic complexity.
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2.7 Research Gap
Table 2.1 Research Gap Summary

Design Theory

(Tomiyama, Lutters
et al. 2019)

X

(Rauch, Dallasega et
al. 2016)

X

Mechatronic

X

X

X

X
X

X

(Zheng, Le Duigou
et al. 2016)

X

X

X
X

X

(Savarino,
Abramovici et al.
2018)

X

X

(Shu et al. 2017)

X

(Wu, Peng et al.
2019)

X
X

X

X

(Luetzenberger,
Klein et al. 2013)

Smart Product
Design Methodology
(Presented thesis)

Complexity Affordance

X

(Merlo, Akle et al.
2019)

(Hernandez, Davila
et al. 2012)

Consideration

X

(Abramovici, Göbel
et al. 2017)

(Casner, Houssin et
al. 2017)

Smart Product

Other

Axiomatic Design

Design Approach

Systematic

Authors

CPS

System/Product

&Methodology

X

X
X
X

X
X

X
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2.8 Conclusion
The literature review chapter was based on a broad set of research areas and topics, including
smart products, Cyber-Physical Systems (CPS), Design Theory and Methodology (DTM),
Affordance and Complexity. The findings of the literature review summary (Table 2.1), outline
the related papers and publications and what areas did they cover, which indicates that there are
gaps to be addressed, and it highlights the targeted research gap. Therefore, the proposed thesis
addresses one of the gaps by combining both SDA and ADT methodologies, with consideration of
reducing complexity and raising the affordances in the design.
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CHAPTER 3: SMART PRODUCT DESIGN METHODOLOGY
3.1 Overview
Smart Products are increasingly emerging in our life, their presence is appearing in all market
sectors. Whether through the consumer sector as smartphones, autonomous vehicles, smart
speakers, etc. or through the industrial sector as smart factory, automation, etc. or for example
through healthcare and energy sectors as smart hospitals and smart energy grids. All this is just an
example of how our current way of living is changing towards a more convenient, efficient and
productive life. However, consequences follow these changes, consumers’ requirements are
increasing, designers and manufacturers are therefore encouraged to help in satisfying the
consumers’ needs. Interacting with smart products can be categorized in many levels, some cases
are easier and less complicated than others, but when dealing with critical matters (e.g. Auto-pilot
in airplanes) it is necessary to achieve a high level of awareness and knowledge since little
ambiguity can lead to a fatal and undesired outcome. Thus, this research is concerning smart
products and their design, with the concentration on reducing the product complexity and raising
its affordance.

3.2 Introduction
The definition of design has various forms, and it is very depending on the field of interest and the
background of the designer. For instance, mechanical engineers are interested in designing
products and electrical engineers are involved in designing electrical circuits or motors, thus, when
we say design one would refer to product design and the latter refers to electrical system design.
However, what is common between all design fields and all designers would agree on, is that the
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main objectives of design are to understand the customers’ needs, identify the problem and solve
it in order to satisfy the customer demands.
From the literature review, it is obvious that smart products are considered multi-disciplinary
products, and they contain embedded systems that allow them to communicate with other smart
products. Thus, smart products are considered to be complex systems, due to the high number of
components and connections it carries. In this chapter, two design methodologies will be used on
smart products, using their features and functions.

3.3 Design Methodology
In the coming sections, the methodology of smart product design is presented. The following
section and sub-sections include the three phases of the SDA, the next section includes ADT, after
that a design flowchart, W-model, and finally an IDEF0 model. The last section presents an
illustrative example that emphasizes on the importance of the research scope and significance.

3.4 Systematic Design Approach (Pahl & Beitz)
Pahl & Beitz is a systematic engineering design method that offers a process for planning and
execution which is created for complex designs in systematically executed detail, in order to
identify and/or recognize any potential complications (ElMaraghy 2017). Using a systematic
design approach in the design of smart products would increase the probability of technical product
design success. The design method is divided into four main phases, which are the clarification of
the task, conceptual design, embodiment design, and detailed design. However, as mentioned in
the previous chapter, this research will not consider the detailed design phase. Explanation of the
three phases and their relation to smart products will be discussed in detail in the following
sections.
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3.4.1 Product Planning and Task clarification

Figure 3.1 Task Clarification Phase of SDA (Pahl and Beitz 2013)

In the task clarification and product planning phase, the characteristics of smart products will be
discussed. It is important to distinguish the differences between traditional products and smart
products, so key characteristics of smart products will be presented. However, not all smart
products should contain all these characteristics presented in Figure 3.2. Clarifying the task and
creating a requirement list is a subjective matter, where it may differ from case to another.
However, the features or characteristics of smart products can be summarized (as shown in Figure
3.2) and most smart products will acquire some/all of the presented characteristics. The
features/characteristics and functional capabilities of smart products presented are adapted from
(Tomiyama et al. 2019), where the authors have discussed and identified these features as it is part
of the capabilities of smart products.
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Considering the features/characteristics of smart products, we can differentiate between smart and
conventional products. Therefore, the first phase of SDA is to clarify the task and create a
customer’s requirement list. After that, the mapping between the requirement list and the
characteristics of smart products will take place, some examples will be discussed in more detail
in the case study presented in the following chapter.

Figure 3.2 Smart Product Characteristics, adapted from (Tomiyama et al. 2019)
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3.4.2 Conceptual Design

Figure 3.3 Conceptual Design Phase of SDA (Pahl and Beitz 2013)

The main objective of the conceptual design phase of the SDA is to establish a function structure
and search for solution principles, using the requirements created in the previous design phase.
Smart products are different than general products, they use inner integrations of information in
order to physically represent to the environment, it uses unique characteristics and operating
requirements in some language and then make intended decisions. Therefore, the conceptual
design phase of smart products will be different than the general product design.
In the conceptual design phase, we will determine how the features (discussed in the previous
section) of smart product functions. In other words, in this section, a functional analysis will take
place, where each function of the features of smart products will be discussed in detail. However,
as mentioned earlier, not all smart products will possess all of the mentioned features, some
products will include a few features and others may include all of them, depending on the product
function and structure. Discussed below is the features’ functions of smart products and their uses
which are adapted from (Tomiyama et al. 2019):
I.

Starting with Autonomy, Autonomy is an essential feature of smart products. Having an
autonomous product/system means the capability of sensing external and internal
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information and perform tasks without human intervention, and accordingly performs
actions to a certain situation. Self-learning is also another feature that lies under
autonomous systems, which is known as non-deterministic behavior in the computer
science field, where an algorithm can exhibit different behaviors for the same input.
II.

Intelligence feature really symbolizes smart products in general, since another word for
smart is intelligent. It adds tremendous capabilities for smart products such as voice, vision
recognition, etc. which enhances the interactions with human users. AI plays a big role in
improving such features of intelligence (Russell and Norvig 2016), for example, vision
recognition applications perform well with convolutional neural networks which is a type
of Deep Neural Network (DNN), where all of that lies under the so-called machine learning
(Goodfellow, Bengio, and Courville 2016).

III.

Resilience adds robustness to smart products, it provides the ability to the product/system
to digest shocks without affecting its function or behavior(Tomiyama and Moyen 2018).
Resiliency in smart products may include the ability of the products to function properly
and certain services have to continue in case it loses its connections with the internet or
clouds, which can happen due to unintentional causes (Doan et al. 2018).

IV.

Reconfiguration support smart products in any transition that might occur on the
product/system, it is considered a measure of adaptability. The adaptability of a product
can range from minor to major transitions and can occur at a different product/system levels
i.e. behavioral, functional, structural. Yet, configurations of Smart Products may
additionally require continuous developments and enhancements of the product models and
integration of external service providers used (Abramovici, Göbel, and Savarino 2017).
The terms “Adaptability”, “Flexibility” and “Reconfigurability” are used interchangeably
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among authors, and it can occur at any moment over the lifetime of smart products (Basten
et al. 2013). According to Tomiyama, there are three different forms of reconfiguration.
First, Design-time reconfiguration is considered as the changes in the design to adapt an
old model to a new user, in accordance with his/her specifications. Second, run-time
reconfiguration which is any form of control that takes place in order to adapt the machine
to changing external environments and weaken internal conditions. Finally, life-time
reconfiguration, which is a partial modification of the product over its life cycle in order to
sustain or increase its market value. However, only run-time reconfiguration can be
achieved autonomously among the three forms of reconfiguration.
V.

Servicification is considered a supporting method for smart products by providing more
effective and faster services to the user, which includes features such as predictive and
proactive maintenance and constant real-time monitoring (Tomiyama et al. 2019). Smart
products utilize its sensors to collect data usage and improve its provided services, such as
life cycle management, maintenance or function failures. For example, recently, Apple
company started to provide a feature for iPhone users to better understand their smartphone
performance and its relation to the battery. iPhone uses a rechargeable lithium-ion battery
in their devices, and as it is the case with all consumable rechargeable batteries, they
become less effective over time as they chemically age and inevitably it shortens their
working duration. Consequently, the feature Apple provided to its smartphone users can
show the maximum capacity in the battery as an indicator of the battery health, the
maximum capacity is measure relative to a new battery, also it notifies the user if the battery
needs to be replaced (Sun et al. 2019).
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VI.

Sensors and Sensing are essential subsystems for smart products as they serve to detect
events and monitor changes in the surrounding environment and send data to other
subsystems. Sensors support smart products in collecting data and information about their
states, which helps in making decisions through the control systems of smart products.
There are various types of sensors that are used in industries (e.g. temperature, pressure,
motion, ultrasonic, etc.) and they differ in their resolution and accuracy depending on their
purpose. Also, sensors are the main source of information and data mining for IoT
applications, which are used in smart products to better support the user in monitoring,
diagnose and even repair, as well as for future developments.

VII.

Smart Human Interactions is the opposite of Autonomy, where human interaction with the
product/system is needed. There are two types of interactions, physical and virtual, the
former is when there is a physical interaction between the user and the product, and the
latter is what is called Human Machine Interface (HMI), which is the human-computer
interaction. HMI is rapidly increasing in today’s applications and products; an example is
Virtual Reality (VR) and Augmented Reality (AR) applications. Although smart human
interactions are in some way contrary to autonomy, where autonomy principles imply the
least human interactions with a product/system, smart human interaction focuses on
achieving the smartest way of the least human interaction with a smart product/system.

VIII.

Connectedness is where IoT applications are greatly beneficial, all smart products use data
either in collecting, receiving or analyzing and all data transfer by any means require
connections. Big Data and Cloud Computing are all applications that use the transferred
data from products/systems to store, process or manage, and the data transfer is only
possible through the connectedness on the product/system.

31

Table 3.1 Summary table of Characteristics and Functions of Smart Products

Characteristic

Function

Autonomy

The capability of sensing external and internal information and
perform tasks, and take actions without human intervention

Intelligence

The addition of AI applications such as Voice and Vision
Recognition, and machine learning capabilities

Resilience

Adding robustness to the product, and increases the ability of
digesting shocks and deal with unintentional circumstances

Reconfiguration

The ability of adaptation and reconfiguration transition throughout
the lifecycle of the product

Servicification

Real-time monitoring of the product’s performance to enhance the
provided services over the lifetime of the product, e.g. predictive
and proactive maintenance, etc.

Sensors and Sensing

Adding the ability to observe the surrounding environment and
monitor changes, then notifying the user of the product’s state as
necessary. Also, collecting data for IoT and data mining
applications

Smart Human Interaction

Enhancing the interaction between the user and the product,
whether physically or virtually.

Connectedness

The ability of sending, receiving, collecting and analyzing data,
and communicating and connecting with other products/systems.

3.4.3 Embodiment Design
After determining the function of each feature of the smart product in the Conceptual Design phase,
now a constraint list needs to be established in the Embodiment Design phase. Despite the positive
functions and features of smart products that looks bright and promising for the developments of
current industrial applications, some challenges will arise when dealing with such advanced
applications.
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The challenges can negatively affect the user or provider (designers) of smart products, and it will
poorly influence the working function of smart products. As mentioned, many complications and
constraints may arise, but as the objective of this research states, we will only consider complexity
and affordance.

Figure 3.4 Embodiment Design Phase of SDA (Pahl and Beitz 2013)

Smart products are mostly CPS and an outcome of an integration process over a variety of
disciplines. They also interact with the physical world through sensors and actuators in a variety
of ways. This physical reality brings in multi-disciplinarity, too. Multi-disciplinarity, on one hand,
improves the function of the product significantly. On the other hand, it will add
complexity(ElMaraghy et al. 2012).
Large scale CPS, in particular, is by definition a system of systems(Maier 1998) not only for the
number of subsystems but also for the multi-disciplinarity. Being a system of systems means
simultaneous co-existing events, interdependent behaviors, and consequently emergent functions.
All of these add complexity at phenomenological, behavioral and functional levels. Therefore, the
trade-off between functional advantages and complexity becomes a challenge (Tomiyama et al.
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2007). The embodiment design phase of the Systematic Design Approach is where ambiguity can
occur, if there is a lack of using the appropriate design methods, many obstacles can arise. As
mentioned in this chapter, smart products are considered multi-disciplinary, and in many cases,
they operate as a system of systems, its interdisciplinary characteristics can lead to increase its
complexity which may also reduce the affordance between the user and the product/system. SDA
is like many existing design methodologies that do not consider the product complexity in its
design, where these methods are based on Function-Behavior-Structure (Merlo et al. 2019).
Therefore, the integration between SDA and another design methodology that takes complexity
into account is needed, and thus the use of ADT will be discussed in the following section.

3.5 Axiomatic Design Theory (ADT)
Axiomatic design theory is recognized for its applications on many different systems, that includes
basic mechanical systems, software systems or systems containing a combination of hardware and
software (Suh 1998). The primary objective of design is to design an effective system/product that
satisfies the costumers’ demands and to achieve its primary goal with the least amount of effort
and complications. From the previous chapter, smart products are considered to contain multidisciplinarity in its functions, and complexity may follow. Hence, one of the goals of ADT is to
reduce the complexity of a system/product, by satisfying the hierarchies of the ADT (e.g.
Independence and information axioms, constraints, etc.). As mentioned by (Suh 2005a),
complexity aspects are mostly treated individually without a clear definition of complexity, instead
of creating a fundamental approach. Therefore, the ultimate goal of the complexity field in ADT
is to reduce it through a more scientific and rational design approach. Consequently, this section
will present how ADT will be applied on smart products’ design, and what are the relationships
between ADT and SDA.
34

According to (Suh 2005b), the design world consists of four domains (Figure 3.5 below), and each
of the four domains is characterized by an attribute. Customer domain is characterized by the
Costumer Attributes (CA), the functional domain is characterized by the Functional Requirements
(FR), and Design Parameters (DP) is the attribute for the physical domain, and finally, the process
domain is characterized by the Process Variables (PV).

Customer
domain

Functional
domain

Physical
domain

Process
domain

Figure 3.5 ADT Domains

In order to satisfy ADT, there are two axioms that we have to consider. The first axiom is the
independence axiom, and it states that good design should maintain the independence of the
functional requirements (FRs). The second axiom is called the information axiom, and it states that
among the designs that satisfy the first axiom, the design that has the smallest content of
information is the best design. Or in other words, if multiple design designs satisfy the
independence axiom, the information axiom will determine which of these designs have the least
information content which is the best design amongst them (Suh 2005b).
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3.6 Combining Systematic Design Theory and Axiomatic Design

Figure 3.6 Integrating SDA and ADT in Smart Product Design

Figure 3.6 above, represents the integration of both SDA and ADT, and how the features of smart
products and the functional analysis of those features can link between both design methodologies.
The arrows represent the normal flow of design processes and domains of SDA and ADT,
however, the middle layer represents the integration between smart product design and the existing
design methodologies. For instance, the task clarification is where the establishment of a
requirement list is required, and the smart product characteristics should be identified. So on and
so forth with the other phases, and as discussed earlier, the embodiment design phase is where
complexity may arise, and the use of ADT is axioms, which consider reducing complexity, is
utilized. Figure 3.7 below, will illustrate the smart product design methodology process in a
flowchart, and the proposed design methodology will be applied in a case study in the following
chapter.
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3.7 Smart Product Design Methodology flowchart

Figure 3.7 Smart Product Design Methodology Flowchart
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3.8 W-Model

Figure 3.8 Smart Product Design Methodology W-Model

The W-Model presented in Figure 3.8 is an optimized model of the German VDI 2206 guideline
of the Design methodology for mechatronic systems (Gausemeier and Moehringer 2002) or the
so-called V-shaped model. The V-Model is used to provide a practice-oriented guideline for
mechatronic system design which unifies the domain-specific design in a more systematic way
(Casner et al. 2017). However, the W-Model was developed afterward to suit wider mechatronic
development designs, for example, some papers used the W-Model to account for three38

dimensional context, e.g. (Merlo et al. 2019), and other papers used the W-Model for integration
between cross-disciplines in adaptronic systems, e.g. (Nattermann and Anderl 2010).
The design methodology of smart products proposed in this research combines both SDA and ADT
methodologies, and integrate them using the features of smart products and the functional analysis
of the features. Therefore, the W-Model has been selected as an evaluation and verification
method.


The first phase (top-down), includes the task clarification and the customer need and
requirements, which are considered the first two phases of SDA by Phal and Beitz (Pahl
and Beitz 2013).



The second phase is the integration phase, where smart product features are identified, and
functional analysis of the features is created.



The third phase (bottom-up), includes the ADT and optimal design identification, as well
as selecting the appropriate solution where it is evaluated and verified to fit the expected
requirement.
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3.9 Conclusion

Figure 3.9 IDEF0 model

As shown above, in Figure 3.9, the IDEF0 model of the smart product design methodology consists
of the main process which the proposed design of Smart Product Design. In the process, the inputs
are the smart product’s features and functions, which is considered the integration between the
utilized design methodologies. As a mechanism, both SDA and ADT methodologies are
considered, which are joined in our proposed design that affirms that both design methodologies
can work hand in hand, and they do not oppose each other. In terms of control, Complexity and
Affordance are the controlled parameters that we aim to control. Finally, as an outcome, a new
design of smart product is conducted, that addresses what is considered a research gap in the field
of smart product design.
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3.10 Illustrative Example: Boeing 737 MAX
This section will present an illustrative example to illustrate the uses of the proposed design
methodology. The illustrative example is used in this research for the purpose of emphasizing on
the significance of the scope of this research area, through discussing related and relevant instances
or scenarios.
3.10.1 Overview
Operating an aircraft is a complex process since airplanes are considered a multidisciplinary
system that contains various software and hardware applications. Operating a commercial air
vehicle is even more stressful, considering the number of lives it carries. Thus, airplanes
manufacturers utilize the highest standards of safety, and the latest technologies available to
increase capabilities and reliability. Boeing is one of the world’s major passenger aircraft
manufacturers, its 7-series class dominates a big share of the airplane supply market.
Boeing 737 edition is one of the most well-known aircraft in the aerospace industry. According to
Boeing commercial website, the Boeing 737 MAX is the fastest-selling airplane in Boeing history,
which has reached nearly 4,700 orders from more than 100 customers worldwide (Boeing 2020).
Boeing MAX has four operating models, MAX 7, 8, 9, and 10.
3.10.2 The Accidents
The Boeing 737 MAX aircraft model was involved in two fatal crashes that occurred within a
period of 5 months. The first was the Indonesian Lion Airlines killing 189 people, then the
Ethiopian Airlines killing 157 people on board. Both crashes occurred within a short period after
departure, where both airplanes were still gaining altitude. Initially, the Indonesian airline pilot
was falsely blamed on human error that led to the plane’s loss of control. However, after the second
crash incident, a thorough investigation was conducted due to the suspicious fact that both crash
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scenarios and aircraft model (737 MAX-8) were identical. The investigation revealed that a new
onboard system is known as the Maneuvering Characteristic Augmentation System (MCAS) was
installed without enclosing its existence to neither pilots.
According to (Boeing 2020), the MCAS is a flight control law implemented on the 737 MAX to
improve its handling characteristics and decrease pitch-up tendency at elevated angles of attack
(AOA). The AOA represents the difference between the pitch angle (nose direction) of the airplane
and the angle of the oncoming wind. This difference is read through installed sensors/vane on the
outside of an airplane (Figure 3.10) sending the readings to the onboard computers.

Figure 3.10 Angle-of-Attack sensors on Boeing 737 MAX (Sgobba 2019)
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Therefore, MCAS is considered a software preventive measure integrated into the flight
management computer software to reduce stall (loss of lift of the wing) risks in aircraft through
monitoring airspeed, altitude, and AOA. Hence, the MCAS is programmed to automatically
command the aircraft’s trim system to adjust the rear stabilizer lowering the airplane’s nose, and
pushes the pilot’s yoke in the downward direction in the case where a great AOA difference is
detected (Johnston and Harris 2019).
Back to the incidents, both cases showed that the airplane’s autopilot system repeatedly forced the
nose of the planes to decline, although both planes were not stalling. After a thorough inspection,
it appeared that MCAS only reads the AOA sensor that is on the active corresponding side of the
plane, without cross-checking the other AOA sensor to confirm the reading. In which case, AOA
sensors can be inaccurate and if it reads a false angle that disagrees greatly with the airplane’s
reference line (Figure 3.10) due to sensor/vane malfunction, MCAS will be automatically activated
due to its inability to detect the malfunction.
3.10.3 Conclusion
As a result, the two catastrophic incidents represent a major failure of the industry of aviation,
which led to the worldwide grounding of all Boeing 737 MAX airplane models. The investigation
findings concluded that the incidents occurred due to design flaws of the MCAS system, and
production pressure that forced lack of safety and additional training to the pilots of the new
changes in the 737 MAX, and finally a lack of transparency in providing information about the
MCAS in the pilot’s manuals.
To respond, Boeing claims that they have worked on updating and improving their MCAS software
and false readings from their AOA sensors/vane, and performing flight test with Federal Aviation
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Administration (FAA) to observe the test. Significant changes were also implemented, (Fehrm
2019) including:


Flight control system will now compare inputs from both AOA sensors (cross-check). If
the sensors disagree by 5.5 degrees or more with the flaps retracted, MCAS will not
activate. Instead, an indicator on the cockpit (flight deck display) will alert the pilot.



MCAS can never command more stabilizer input than can be counteracted by the flight
crew pulling back on the column.



The pilots will always have the ability to override MCAS and manually control the
airplane.

To conclude, the illustrative example of the Boeing 737 MAX reflects on how design flaws and
lack of accommodating human factors in automation systems can lead to undesired circumstances.
As mentioned above, the purpose of this example is to illustrate the uses of the proposed research
and emphasize on the significance of the scope of the research. In this case, the MCAS software
implementation on the 737 MAX models was too complex as it rejected the pilot’s actions of
gaining altitude to maintain the nose-dive situation, which was revised in the second and third
changes. Further, the first point of the changes made reflects on the indubitable lack of affordance
in the design. The indicator of the AOA discrepancy in the pilot’s cockpit will support the pilot’s
understanding of the situation, and to avoid ambiguity and chaos. The increased complexity and
the lack of the pilots’ perceived affordances both played a crucial role in the tragic accidents, a
more thorough consideration of these design aspects would have reduced the chances of these
unforeseen and undesired crashes.
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CHAPTER 4: CASE STUDY
4.1 Introduction
Smart products are increasingly growing nowadays, and there are many smart products that we
use in our daily life which consist of many smart components such as sensors, processors, etc. One
example of these products that are progressively appearing in many homes, or what we can call
smart homes, currently are smart speakers. Smart speakers began to appear more when home
automation started in the early twenty-first century, back then smart speakers were limited in its
functionality (Tristan, Sharma, and Gonzalez 2020). However, smart speakers now have improved
and evolved enormously, instead of just asking it to play music, now smart speakers are virtual
agents where they can perform many tasks and respond to various users’ commands. Many big
companies have already introduced their own smart speakers to the consumers’ market, e.g.
Google, Amazon, Apple, etc.

4.2 Amazon Virtual Assistant (Alexa)
Alexa is the name of the virtual personal assistant developed by Amazon, Alexa is used in
Amazon’s smart speakers’ products, such as “Echo”. There are many different functionalities
associated with the Echo smart speaker, some of the noticeable are, its ability to play music,
providing information regarding for example weather conditions, alerts, news, etc., controlling
other compatible connected smart products developed by Amazon and other third parties, using its
voice interaction capabilities (López, Quesada, and Guerrero 2018). Amazon has started releasing
its Echo smart speaker back in 2014, as it was considered a smart speaker that allows people to
control the music using only voice commands. Since then, Alexa has improved a lot and its
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capabilities increased, Echo has evolved from simple smart music player to a virtual agent that can
control home automation, observe and execute many other requests directed by its user. Besides
Amazon Alexa devices, Amazon has made it easier for third-party developers to benefit from
Alexa and use it in their own devices, as a recent claim by Amazon, there are more than 100 million
Alexa devices have been sold, and studies show that smart speaker industry will grow even bigger
in the coming years. Furthermore, Alexa is capable of performing other activities such as online
shopping, where the consumer dictates through a series of questions asked by Echo, what styles,
sizes, colors, devices, etc. a consumer prefers. Besides, Echo is capable of recommending nearby
places of interest such as restaurants, gymnasiums, convenience stores, and more. The
aforementioned features associated with Echo, are key to achieving a generic modular structure of
the features acquired by a smart speaker and their functionalities.

4.3 Applying the design methodology
In this sub-section, an application of the proposed design methodology which combined both SDA
and ADT will be applied to smart speaker design. As it is the case in any design problem, a problem
statement that summarizes the issue of interest that is needed to be solved is recommended.
However, the purpose of this case study is to demonstrate the proposed design methodology model
presented in the previous chapter on an existing product (Amazon smart speaker). The next
sections will present the proposed design steps.
Limitations of the design:
1. Only Voice-Initiated products will be considered (not touch-initiated nor the combination
of voice and touch).
2. Only general guidelines for all AVS (Alexa Voice Services) products will be considered.
No hardware or marketing guidelines will be considered.
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In the first phase of the proposed design methodology, task clarification, an elaboration of the task
is needful, as well as creating a requirement list. From the above discussion, we can summarize
the task of Amazon Alexa as a virtual voice service assistant that comes in various products (ex.
Echo plus and dot, etc.), as well as third-party companies that use Alexa as the virtual assistance.
It can perform a variety of tasks like playing music or asking for the weather, etc. including also
control over smart home appliances and products, like locking doors, dimming the lights in a
specific room, etc. The requirements’ list will include what a user would expect from a smart
speaker product:
Table 4.1 Smart speaker's requirement list

Requirements list
1. Answer questions (e.g. weather, news, etc.)
2. Play music
3. Perform communication tasks (e.g. calling, texting, etc.)
4. Online ordering (e.g. shopping, food delivery, re-ordering, etc.)
5. Control smart home automation (e.g. lock doors, lighting control, etc.)

After establishing a requirement list, the next step is to identify the smart product features used in
the product in accordance with the created requirement list and the features provided by Alexa
devices. In addition, an identification of each feature’s function, where an explanation of what
purpose does the feature perform in the product are presented below in Table 4.2:
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Table 4.2 Features and Functions of smart speaker

Feature
Autonomy

Function
Alexa’s ability to autonomously control and perform actions, e.g. control smart
home applications (locking doors at certain times, adjusting rooms
temperatures, etc.)

Intelligence

Alexa uses voice recognition to distinguish users by creating a voice profile.
Also, Alexa uses machine learning or the so-called active learning to minimize
the error rates of its products, which is considered under AI.

Reconfiguration

Reconfiguration in Alexa’s products are considered an important function
where it can use design-time reconfiguration to be able to adapt an old model
to a new user, in accordance with his/her specifications

Sensors and

Alexa’s products are equipped with multiple sensors and sensing technologies,

sensing

it includes multiple microphones with minimum sensitivity requirements for
better hearing capabilities, as well as temperature sensors.

Connectedness

Connection plays a big role in any smart speaker device, one of which is
Alexa’s products. Without a connection to the internet through Wi-Fi, Alexa
loses many of its main functions. It uses the internet connection to send the
voices to AVS, which is a natural voice recognition service in the cloud, and
then send back to the user the appropriate response.

Smart Human

Alexa is considered an on-command virtual assistant, thus human interaction

Interaction

is essential to take full advantage of the product’s functions. Alexa’s models
contain few buttons to serve simple tasks (e.g. turn microphone on/off, control
volume, etc.). However, the virtual interactions are the main source of
communication between Alexa and its users, or vice versa. The use of machine
learning algorithms and cloud data bases all enhanced the responses of Alexa
and formed an easier and smarter way of interaction.
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The next step after discussing the functional analysis of the features is the first axiom of the
Axiomatic Design, which is the Independence Axiom. The first step in axiom 1, is to define the
functional requirements based on the problem statement (Suh 1998). By definition, the functional
requirements are considered as the minimum set of requirements that must be satisfied in order to
satisfy the first axiom. The aim of this case study is to illustrate the use of the proposed design
methodology and try to achieve a lower complexity design, as well as raise the affordances in the
design. Therefore, according to Amazon’s Functional Requirements for AVS (Alexa Voice
Services) Products, where Amazon publishes guidelines about their products’ core requirements
and recommendations for third-party companies that want to use AVS in their products (Alexa
2019b). According to the limitations stated in this case study, only the voice-initiated and general
recommendations and requirements will be considered, and they are presented below in Table 4.3:
Table 4.3 Smart speaker functional requirement list

Functional Requirement list
1. Audio input
2. Audio output
3. Action button
4. Convey Alexa attention states to the customer (listening, thinking and speaking)
5. Support multi-turn interaction with Alexa
6. Support silencing alerts, adjusting volume, enabling/disabling microphone and
stopping media when internet connectivity is unavailable
7. Use only approved Amazon Alexa wake words, such as “Alexa” and support cloudbased wake word verification
8. Ability of customer to use voice to interrupt Alexa output
9. Provide an always-available control to turn off the Alexa wake word or disable its
microphones
10. Microphones sensitivity used shall match +/- 1 dB
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After defining the functional requirements (FRs), the next step of the design process is to define
the design parameters (DPs). For each functional requirement presented in Table 4.3, a design
parameter has to be defined. Below, is the DP of each FR, however, it is important to mention that
the DPs here are physical and software standards provided by Amazon, to characterize the design
in order to satisfy the specified FRs.

Table 4.4 Smart speaker’s initial design parameters

Functional Requirement
FR.1 Audio input

Design Parameter
Microphone/s to capture customer speech and stream captured
speech to provided SpeechRecognizer cloud.

FR.2 Audio output

Speaker, headphone or Bluetooth. With device controls for
adjusting volume.

FR.3 Action button

Physical action button on the device, with a single purpose of
initiating Alexa interactions.

FR.4 Convey attention

Prominent visual cues or prominent audio cues. If both are used,

states to the user

then they shall be synchronized. (core attention states are
Listening, Thinking and Speaking)
Use of algorithmic methods for conveying the start and end of

FR.5 Multi-turn interaction

listening attention state for all multi-turn interaction as for initial
interaction (e.g. task asked by the user may require additional
spoken information from user asked by Alexa).

FR.6 Support alerts and

Basic physical buttons shall operate even when internet

microphone control when

connectivity is unavailable through a wired connection. Also,

connectivity is unavailable

Alerts such as Alarms, Timers or Reminders shall operate even
when internet connectivity is unavailable.
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Cloud-based wake word verification, such as “Alexa”. CloudFR.7 Use of only approved

based verification improves the accuracy of the wake word by

wake words

minimizing the different pronunciations “utterances” that sounds
similar to the assigned wake words, e.g. “election”, “Alex”, etc.
Microphone/s shall detect wake words even when media
playback is on, or voice responses and alerts are active. (e.g. user

FR.8 Ability to interrupt

asks Alexa to read the 7-day forecast or to read an Audible book,

output

during that user can still stop/interrupt Alexa by saying the wake
word or by pressing the Action button).
Customers can always block Alexa from waking by turning on

FR.9 Always available

the Microphone Off mode. Which in this state, Alexa is not

control to turn off wake

capable of detecting wake words, and will not send any customer

word and microphone

utterance to Alexa. Audio and visual cues should indicate to the
customer that the Microphone Off state is activated.

FR.10 Microphone

The microphone used for Alexa interactions with the customer

sensitivity

shall have a +/- 1 dB sensitivity

After determining the DP for each FR, the design equation for this case is established below:

𝐹𝑅. 1
𝑿
⎧ 𝐹𝑅. 2 ⎫ ⎡ 0
⎪ 𝐹𝑅. 3 ⎪ ⎢ 0
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⎪ 𝐹𝑅. 4 ⎪ ⎢ 0
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0
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⎪ 𝐹𝑅. 9 ⎪ ⎢ 0
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0 0
𝑿 0
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0 0
0 0
0 0
0 0
0 0
0 0
0 0

0 0
0 0
0 0
𝑿 0
0 𝑿
0 0
0 𝑿
0 0
𝑿 0
0 0

0 0 0
0 0 0
0 0 0
0 0 0
0 𝑿 0
𝑿 0 0
0 𝑿 0
0 0 𝑿
0 0 0
0 0 0
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⎤
⎧
0 0
𝐷𝑃. 2 ⎫
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⎪
⎥⎪
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0 0 ⎥ 𝐷𝑃. 5
0 0 ⎥ ⎨ 𝐷𝑃. 6 ⎬
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𝑿 0 ⎥ ⎪ 𝐷𝑃. 9 ⎪
0 𝑿⎦ ⎩𝐷𝑃. 10⎭

(4.1)
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Equation (4.1) is the design equation for the initial set of FRs and DPs. However, the design matrix
shows that FR.4 is related to DP.4 and DP.9, and FR.9 is related to DP.4 and DP.9. The same case
exists between FR.5 and FR.7 and their DPs. Thus, the design matrix is neither diagonal nor
triangular, which yields to a coupled design that doesn’t satisfy the first axiom of ADT.

4.3.1 Decomposition of related Design Parameters (DPs):
FR.4 states that the device shall convey the attention states to the user. The design parameter
describes how the FR.4 will be satisfied, which is to prominently present to the user either visual
or audio cues to indicate which attention state Alexa is in. On the other hand, FR.9 gives the ability
for the user to have an always-available option to turn off the microphone, however, its design
parameter indicates that cues shall be provided to the user to imply the off state of the microphone.
Since both DPs (4 and 9) uses cues (visual or audio) to indicate to the user the attention state of
Alexa, then different prominent cues shall be used. Amazon products use different visual cues for
each attention state, and different color to mark the off state of the microphones. Therefore, as we
are designing a product that uses Alexa Assistant, different cues shall be given for each attention
state (attention states are Thinking, Listening and Speaking) and a different solid color will be used
for implying the off state of the microphones. Thus, modified DP.4 and DP.9 will be as stated
below in Table 4.5:
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Table 4.5 Modified DP.4 and DP.9

FR.4.1 Convey attention

DP.4.1 Prominent visual cues or prominent audio cues. If both

states to the user

are used, then they shall be synchronized. Visual cues can have
any color for the core attention states (e.g. Listening,
Thinking, Speaking) except a solid red color.

FR.9.1 Always available

DP.9.1 Customer can always block Alexa from waking by

control to turn off wake

turning on the Microphone Off mode. Which in this state, Alexa

word and microphone

is not capable of detecting wake words, and will not send any
customer utterance to Alexa. Audio and visual cues should
indicate to the customer that the Microphone Off state is
activated. Visual cue shall consist of only solid red color to
indicate the off state of microphones.

FR.5 states that the product shall allow multi-turn interaction with the user, and its design
parameter (DP.5) satisfies the functional requirement by using an algorithmic to convey to the user
the same end and start of listening attention states, for multi-turn interaction as for initial
interaction. Alexa uses skills to create a dialog with the user in a form of conversation with multiple
turns, where Alexa asks questions and the user responds with the answers, Alexa wants to reach
the intent, through the conversation with the user, which is the user’s overall request. Therefore,
the conversation continues until all the required slots needed for the intent are filled. For instance,
the user asks Alexa “wake me up tomorrow morning”, Alexa would map the user’s utterance to an
intent, which is to set an alarm for tomorrow, however, there is a missing slot which is the time
slot. Therefore, Alexa will ask the user back “at what time would you like me to set an alarm
tomorrow?”, then the user will set his/her time preference and Alexa will set the alarm at the
specified time. Therefore, DP.5 states that Alexa should convey to the user all the states in multiturn interactions, whether Alexa is in the thinking, listening or speaking states.
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On the other hand, FR.7 states that the product shall only wake when hearing an approved wake
word, and the design parameter (DP.7) satisfies the requirement by using a cloud-based
verifications of the wake word, which the user can change or add any wake word that he/she
pleases. However, the complexity here occurs since these two DPs are related (DP.5 and 7), since
Alexa should never wake up until it hears the wake word, however in the multi-turn interaction,
Alexa shall respond and react until the overall request of the user is fulfilled. In other words, Alexa
might need additional information from the user as mentioned earlier, in order to satisfy the intent.
Therefore, a way to solve this complexity relationship between both DPs, we need to add a
command to DP.7 that provides an exemption command for it not to interfere with DP.5.
Accordingly, an exception has to be added to DP.7, and both FR.5 and its DP will remain the same.
New changes are presented below in Table 4.6:

Table 4.6 Modified DP.5 and DP.7

DP.5.1 Use of algorithmic methods for conveying the start and
FR.5.1 Multi-turn
interaction

end of listening attention state for all multi-turn interaction as for
initial interaction (e.g. task asked by the user may require
additional spoken information from user asked by Alexa).
DP.7.1 Cloud-based wake word verification, such as “Alexa”.

FR.7.1 Use of only
approved wake words

Cloud-based verification improves the accuracy of the wake
word by minimizing the different pronunciations “utterances”
that sounds similar to the assigned wake words, e.g. “election”,
“Alex”, etc. Product shall automatically activate its
microphones without waiting for the wake word in multiturn interactions.

54

Thus, after the decomposition made on the related design parameters, a new design equation has
to be made. New design equation is shown below:
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𝑿
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0 0 ⎥ ⎪ 𝐷𝑃. 8 ⎪
𝑿 0 ⎥ ⎪𝐷𝑃. 9.1⎪
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(4.2)

Equation (4.2) is the design equation after the decomposition of the DPs. According to the first
axiom, which is satisfied by the independence between the FRs and the DPs,

(𝐅𝐑𝐬) = [𝐀](𝐃𝐏𝐬)

(4.3)

The design matrix [A], shown in equation (4.2), presents a diagonal, uncoupled design as there are
no related FRs and DPs. Which according to ADT, it indicates that the complexity of the design
was reduced by decomposing the DPs, and eliminates any contradictions and relation between
them, in other words, it indicates the independence between the FRs and the DPs.
4.3.2 Design for Affordance
After applying the proposed design methodology, and as a result, complexity was reduced by
achieving an uncoupled design in ADT. The next step is to try to raise the affordance of the
product. However, affordance is a subjective matter and it is based on the inner experience of a
user rather than a fact. Subsequently, there is no ultimate generic solution or architecture that
would lead to a definite solution in all cases, affordance is a matter that is related more to the
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experience and the psychological understanding from the user towards the object. However,
designers shall have a general understanding and expect the users’ behavior when interacting with
the designed object and try to input a clear set of affordances that matches the overall intent of the
object, for the users to perceive with the least amount of ambiguity, uncertainty, and complexity.
Alexa is a virtual assistant that depends mostly on the conversational interaction with the users,
and it depends heavily on an internet connection, cloud-database storages and algorithms, which
is called the Amazon Web Services (AWS). AWS is a cloud platform and is not only used by
Amazon products (e.g. Echo, Dot, etc.) it is a broadly adopted cloud platform that offers featured
services for many enterprises, government agencies, startup business, etc. Therefore, smart
speakers’ design for affordance is focused more on the way the virtual assistant understands the
user utterance, and what are the best way of delivering the information to the user. In that matter,
Amazon provides a design checklist for developers and designers in their Alexa Design Guide
website (Alexa 2019a). The checklist consists of three categories which will be discussed in detail;
critical goals, voice design, and visual design.
I.

Critical Goals

The four critical goals are:
1. What is the purpose of your skill?
2. How will customers invoke your skill?
3. What can a customer do with your skill?
4. What kind of information do you need to collect to personalize the experience?
These goals are for designers and developers that add features and services on Alexa’s database,
or for developers that want to add special skills to their adopted Alexa services. The Amazon
developer platform is not only for designers or technical staff, but it is also purposely accessible

56

to the public and users of any Amazon’s product to enhance the performance and capabilities of
the virtual voice and touch assistants. The first question in the critical goals is basically just to
determine the goal of the skill that the designer or user is trying to add, or in the design field, it
may be considered as the primary objective of the design, in other words, what is the intent of the
skill added. In the language of the developer console, the intent is referred to as an action that
fulfills a user’s spoken request.
The second question refers to the utterance that the user has to say in order to invoke or use the
skill, wherein Alexa’s developer console, each intent can have multiple names, (e.g. user asks
“Alexa, wake me up tomorrow”, same as if the user said “ Alexa, set up an alarm for tomorrow”).
The third question is related to the user, what benefit would the skill add to the user experience.
As it is the case in any design problem, there is a problem statement, and the designer’s goal is to
solve this problem by providing a solution to the user.
The last question is regarding what slots are required from the user to fulfill the intent of the skill.
For example, I want to create a skill using the developer’s console that allows the user to plan a
trip to a certain city, on a certain date and allows the user to list activities of interest that they want
to do during their trip. The intent name would be PlanMyTrip or TripPlanner, which will be
connected to the slots fromCity, toCity, and travelDate. Therefore, the user and Alexa will have
this sample conversation that uses the added skill:
User: “Alexa, I want to visit Toronto” here Toronto would be linked to the slot {toCity}.
Alexa: “Where are you leaving from” here Alexa is asking the user about information to fill the
slot {fromCity}, then the user would state the departure city.
Alexa: “When are you leaving?”, here Alexa is trying to fill the slot {travelDate}.
In another case scenario, they could have used a different utterance that leads to the same result.
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User: “Alexa, I want to travel from Windsor to Toronto on Friday” here the user has included the
slots fromCity, toCity, and travelDate.
The purpose of these case scenarios of conversational interaction between the user and Alexa is to
show that affordance in the voice design can be complicated, and it depends on the user’s
experience. A user can say a variety of commands and it maps down to an intent/s, which is what
the user wants to do. Consequently, there are slots, which is like a variation of ways a user can
express their opinion or commands. However, user utterances can be very complex, it is hard to
expect how a user express their communication skills. For instance, a user can ask Alexa for a
simple task like changing the volume, it could be said in many ways, e.g. turn it up, make it louder,
bump up the sound, etc. In any way, they all are leading to a simple intent of physically increase
the volume of the audio or video being played at the moment. The variation of the slots that can
be inputted in the software to serve a single intent are numerous, slots can be numeric (e.g. lower
volume to 3, etc.) or maybe phrases as in the example discussed above. Thus, this is where a
developer or a designer shall consider the affordances that should clearly present their intent and
goals to the user.
II.

Voice design

Other than the critical goals checklist, a designer of a smart speaker shall also consider the voice
design preferences and requirements. In that matter, (Alexa 2019a) has presented a voice design
checklist as mentioned earlier, for designers to keep in mind as they are designing a skill.


Design natural conversation patterns for Alexa: this checklist recommends the use of
everyday language and lets users say the thing they usually do to take benefit comfortably
of the skills. Same way, Alexa should speak in a natural manner to users using
straightforward words and avoiding technical abbreviations and dialects.
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Keep responses short and simple: Avoiding tedious responses (e.g. reading out long lists
or providing lengthy step-by-step directions, etc.). Rather, provide short answers and
prompt the user if they want to hear more.



Handle unexpected customer utterances gracefully: ask rational follow-up questions that
make sense, feel good, and help the customers around the utterance that caused the error.



Make the skills natural and conversational: Alexa’s responses should stay true to her
personality and be in a natural and conversational tone. Use varied responses and try to
engage the customer by asking questions.



Provide alternate paths around private information: skills designed should never require a
customer to infringe or intrude on global privacy or device settings to take advantage of
skill. Always provide an alternate way of gather information, (e.g. asking about zip code
instead of full address).



Ask direct questions: Never ask rhetorical or open-ended questions. Providing prompts
helps guide the customer by proposing choices or actions they can take, which helps to
guide the conversation. Keep the options in your prompt to a maximum of 3 at a time to
avoid heavy cognitive load placed on the customer.



Provide contextually relevant messaging and end the session when you are done: When
Alexa offers a customer any context or question, they should be contextually relevant to
the situation and the skill being provided. Also, the skill doesn’t require additional
confirmation to exit or end the session.

The above-mentioned voice design checklist is essential tips for the designer of any virtual
assistant device that depends on the conversational interactions with the user. Humans’ interaction
is a complex matter, and each person is different when it comes to expressing his/her way of
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interacting. When we interact with each other we use physical movements or what is called
nonverbal communication like hand gestures, facial expressions, and body language which all
makes it easier for us to express ourselves and collaborate better. However, with the technological
capabilities that we have reached nowadays like AI or Machine Learning, we were able to rapidly
improve the effectiveness of our everyday products and the services they provide. Smart speakers
in this case, when a user asks or requests any command, send the recorded voice to the cloud where
it could be interpreted by cloud-based voice services. In the case of Alexa, the recorded voice is
sent to Alexa Voice Services (AVS) which uses Application Program Interfaces (APIs) to handle
complex speech recognition services and respond back to the user with the appropriate and correct
answer. The development of voice-activated user interfaces are still increasing day-by-day using
machine learning and data mining applications, if Alexa makes a mistake in providing the correct
response or a mistake in interpreting the user’s request, the data and information collected will
make the smart speaker even smarter the next time using it. As discussed earlier, understanding
natural language is a challenge of all voice-activated product interfaces, and that’s where AI
applications come in place. Amazon voice-initiated products use Natural Language Generation
(NLG) where it converts the natural sounding into a language of written data that can be
communicated by another programming interface. Natural Language Processing (NLP) is one of
the interfaces that read the language generated by NLG, to process the observed data through its
linguistics and AI capabilities. Thus, the above-mentioned voice design checklist and information
concerning the design of voice-initiated products, confirms that the overall purpose of the
development and use of AI is to reach the lowest levels of ambiguity between the smart product
and the user by raising the affordances that a user can perceive.
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III.

Visual design

Finally, the last design checklist mentioned in Alexa Design Guide (Alexa 2019a) is the visual
design checklist. However, the case study presented in this chapter considered only voice-initiated
products. Therefore, the visual design in the design for affordance will only consider the visual
representations implemented in the voice-initiated products, with no screen display, and touchinitiated products will be considered.

Figure 4.1 Left to Right: Echo Dot (3rd Gen.), Echo Plus (2nd Gen.).
Image copyright of (Amazon.ca 2020)

Visual representations in Amazon’s voice-initiated products (Echo, Echo Plus, and Echo Dot) are
presented in a light ring (shown in Figure 4.1 above) that illuminates various colors. Each color
represents a different situation or state of the smart speaker, in the Amazon Alexa developer
website (Amazon 2019) under the Attention system implementations, there is a table that
categorizes each color to a family of interactions, and maps each visual to a state of the product.
The system of animations and colors is used by Amazon to communicate the state of the product
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and provides the customer with a better way of interaction with the product, example of visual
cues is presented below:
Table 4.7 Visuals and state’s details of Alexa products

Visual

State’s detail
This visual appears when the power supply is plugged

Solid blue with spinning cyan

into the device. It indicates either that the initial setup is

(greenish-blue color)

in progress, or the device is powering back on after
unplugged or power shut-off.

Solid blue with cyan in one
direction
Spinning orange light

This visual appears if the user used the wake word to
wake Alexa. The pointing of the cyan color refers to the
direction of the person speaking.
The spinning orange refers that the device is connecting
to the Wi-Fi network.

Solid red light

Refers to the microphone off state
White color illuminates when adjusting the volume level
of the device. Full white circle refers to the maximum

White light

volume (level 10), and circle shrinks in portion as
volume decreases, until (level 0) with no white light
visible.
Pulsing green light refers to an incoming

Pulsing and spinning green light

communication call (Skype, Alexa Communication,
etc.). Spinning green light refers to an active call.

These visuals presented above in Table 4.7, are just an example of the visuals that are used in the
voice-initiated products of Alexa. Each color refers to a group of states, for example, red refers to
Microphone Off and errors, green refers to communications, messages and notifications, purple
refers to Do Not Disturb group, and so on.
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Audio cues are also merged with visual cues in Alexa products, which provides the user with a
more effective way of staying connected with the device. For example, if the user is receiving any
type communication notification (call, message, etc.) a green light visual will appear, however, the
user may not be looking at the smart speaker at that moment, so, an audio cue will also be
synchronized with the visual cue in order to inform the user of the incoming notification.
Accordingly, the interactions between the user and a smart speaker may include many
complications as people’s way of communication is considered a complex process. However, the
continuous advances in engineering or computer-science fields on our today’s technological
capabilities (e.g. AI, Machine Learning, etc.) have made it possible for machines to understand,
process and analyze any type of data input. Yet, in order to attain an ideal communication between
users and smart speakers, it is the designer’s duty to raise the affordances for the user to perceive
with minimal ambiguity and uncertainty.

4.4 Validation and Verification
As part of the proposed design methodology presented in the previous chapter (Chapter 3),
validation and verification method is considered a guideline of the design methodology for the
mechatronic systems, developed by the German VDI 2206. It provides a practice-oriented
guideline for mechatronic system’s design that links the domain-specific design in a more
systematic way (Casner et al. 2017).
Validation process is to validate/certify the output of the design process with the initial
requirements that have been established in the beginning of the design. On the other hand,
verification is to approve the outcome with evidence (e.g. mathematically, analytically, etc.), and
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both of these aspects were satisfied. Below, are questions and answers to summarize the validation
and verification of the case study.
Referring to the W-Model shown in Figure 3.8 in the previous chapter, we can ask the following
questions to validate and verify our design.

1. Does the selected solution conform to the task clarification?
Yes, the selected design solution does match with the task clarification of the smart
speakers discussed at the beginning of the case study. This case study was implemented on
a product that is already in use, however, this question would be more reasonable on a
design problem for a product that is being designed initially.
2. Are the customer needs satisfied with the final design?
Yes, the final design solution does satisfy the customer need. According to Table 4.1,
which presents the requirement list of the requirements that a user would expect from a
smart speaker, the final design does agree with the user’s expectations.
3. Does the final outcome match the initial purpose of the design problem?
Yes, the main purpose of the design was to reduce complexity, and that was achieved by
reaching a diagonal/uncoupled design matrix in the first axiom of ADT. Also, to raise the
affordances in the design which was discussed in detail (voice & visual design, and critical
goals).

4.5 Results and discussion
The aim of this case study is to illustrate the use of the proposed design methodology and try to
achieve a lower complexity design, as well as raise the affordances in the design. First, SDA was
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applied in order to clarify the task, establish a requirement list, identify the features of the smart
speaker, and then identify each feature’s function. Then, ADT was applied to establish the FRs
of the smart speaker, and then determine the DPs of each FRs.
As a result, the first design solution came out to be a coupled design (equation 4.1). Later, after
decomposing the DPs, a diagonal uncoupled design was achieved (equation 4.2). According to
ADT, the complexity of the design was reduced as it achieved an uncoupled design, and each FR
is independently satisfied by a single DP. Also, the design for affordance included how smart
speaker uses technological advances such as AI, Machine learning, etc. to improve the
communication with the user, and uses visual and audible cues to maximize the perceived
affordances by the user in order to interact with the smart speaker with the least amount of
complexity and ambiguity.
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CHAPTER 5: CONCLUSIONS & RECOMMENDATIONS
5.1 Overview
The noticeable emergence of new technological advances, such as AI and IoT, and their continuous
developments in today’s market, have paved the way for an apparent transformation from
conventional products to smart connected products. Smart products are Cyber-Physical Systems
that provide services to users through Internet and Communication capabilities. The use of smart
products offers exceptional potential for the users to meet their expectations and needs intelligently
and effectively.
As stated in the objective of the thesis, a novel smart product design methodology was introduced
which proposes an unrevealed design dimension using an integration between two existing DTM
and through the features and functions of smart products, with the concentration of reducing
complexity and raising the perceived affordances of the user from the product. At first, the second
chapter included an extensive literature review that was conducted on various subjects that is
related to the proposed thesis. Including CPS and Mechatronics, smart products, DTM (e.g. SDA
and ADT), affordance and complexity. A summary of the literature review was presented in Table
2.1, that outlines the related papers and publications and what do they cover and highlights the
targeted research gap. Moreover, the third chapter presents the smart product design methodology
and discusses the use of SDA and ADT in the process of smart product’s design, and how the
features and functions of smart products combine between the two DTM considered. Flowchart of
the design process is presented in Figure 3.7, and a W-Model and an IDEF0 model are introduced
for a better understanding of the proposed design methodology. Finally, chapter 4 included a case
study concerning smart speakers and the voice-initiated virtual assistant, specifically concerning
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Amazon’s virtual assistant (Alexa), where the proposed smart product design methodology was
applied.

5.2 Conclusions
As a result, a new design methodology is introduced for smart products that integrates two existing
DTM, the Systematic Design Approach and Axiomatic Design Theory, through the
characteristics/features of smart products and their functions. An illustrative example of Boeing
737-MAX airplane models was discussed to emphasize on the significance of the presented design
methodology that considers both complexity and affordance aspects in the design process, by
discussing applicable scenarios and instances. Smart product design methodology was
successfully applied on a case study concerning smart speakers with embedded voice-initiated
virtual assistant (Alexa) to demonstrate its applicability. The proposed design methodology
successfully minimized the complexity in the case study concerning smart speaker design, by
applying the ADT independence axiom, and decomposing the design parameters, which
approached an uncoupled design matrix that satisfies each FR with a single DP. The focus on
raising the affordances in design which enhances the perceived cues by the user to reduce
uncertainty and doubtfulness was achieved in the case study in recommendations and discussion
of AI and Machine Learning in smart speaker design, as well as analyzing the visual and audible
cues to improve the communication between the user and the smart speaker and minimize
ambiguity.
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5.3 Recommendations
This section is dedicated for future researchers concerning smart product design. The
recommendations are as follows:


The limitation of this research is that it only considered the embodiment of the design,
future research could expand the design to consider the detailed phase of design
methodologies, which may include areas such as environmental factors, material selection,
financial plans, detailed drawings and specifications, production and manufacturing, etc.



Other areas for improvement of smart product design methodology may include
considering another design theory and methodology for complex systems, such as Systemic
Design, which according to (Jones 2014), is an integration of the two interdisciplinary
fields; systems thinking and design thinking.



As mentioned in the literature review chapter, smart products are considered a fairly new
topic, where literature and definitions are still developing. For instance, (Mortensen 2020)
have defined smart products as “the products that gather information about their users and
their use context, and process the information to adapt their behavior to the user or to a
specific context”. Thus, considering different definitions of smart products or consider a
different point of view may be helpful to broaden the research area, for example, the
advancements that smart products may contribute in for the coming industrial revolution
(Fifth Industrial Revolution, I5.0).
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